I estimate DSGE models with recurring regime changes in monetary policy (inflation target and reaction coefficients), technology (growth rate and volatility), and/or nominal price rigidities. In the models, agents are assumed to know deep parameter values but make probabilistic inference about prevailing and future regimes based on Bayes' rule. I develop an estimation method that takes these probabilistic inferences into account when relating state variables to observed data. In an application to postwar U.S. data, I find stronger support for regime switching in monetary policy than in technology or nominal rigidities. In addition, a model with regime switching policy that conforms to the long-run Taylor principle given in Davig and Leeper (2007) is preferred to a determinacy-indeterminacy model motivated by Lubik and Schorfheide (2004) . These empirical results indicate that, even though a passive policy regime produced more volatility in the economy from the early 1970s to the mid-1980s, the economy can be explained by determinacy over the entire postwar period, implying no role for sunspot shocks in explaining the changes in volatility.
Introduction
The empirical literature (e.g., Stock and Watson (1996, 2002) ) has demonstrated that postwar U.S. macroeconomic data have experienced structural changes with complicated patterns such as persistent increases and decreases in means and variances.
From a theoretical perspective, agents in the economy should, given these structural changes, have a different understanding about the economy over time and react to the instability. In terms of the U.S. economy, less volatile GDP and inflation since the mid-1980s are the two striking examples of structural changes. Economists have been debating the causes of the "Great Moderation" and two popular explanations are improved monetary policy 1 and the "Good Luck" hypothesis. 2 Meanwhile, even if active monetary policy has stabilized the U.S. economy since the mid-1980s, the source of highly volatile economy before the mid-1980s is not fully understood. Lubik and Schorfheide (2004) have argued that passive monetary policy led to indeterminacy, implying that sunspot shocks were the cause of higher volatility in the 1970s. By contrast, Davig and Leeper (2007) suggest a theoretical alternative that passive policy generated higher volatility by amplifying "fundamental" shocks under determinacy in the long-run, rather than "sunspot" shocks under indeterminacy. This amplification of fundamental shocks under determinacy occurs if the passive policy is conducted only for short periods of time or the degree of the passive policy is close to the boundary between the active and passive policies. Davig and Leeper refer to the conditions that satisfy determinacy given periods of passive policy as the "long-run Taylor principle." I estimate and compare New Keynesian DSGE models with regime changes in order to examine the sources of high volatility of U.S. output and inflation in the 1970s and the so-called "Great Moderation" in the 1980s. I find stronger support for 1 For examples of good monetary policy argument, see Clarida, Gali, and Gertler (2000) , Lubik and Schorfheide (2004) , and Boivin and Giannoni (2006) .
2 For examples of "Good Luck" story, see Stock and Watson (2002) , Ahmed, Levin, and Wilson (2004) and Justiniano and Primiceri (2008) . regime switching in monetary policy than in technology or nominal rigidities based on model comparison using marginal likelihoods of models. Also, I find that the longrun Taylor principle-type monetary policy regime switching model is preferred to the determinacy-indeterminacy model. These empirical results mean that, even though a passive policy regime produced more volatility in the economy from the early 1970s to the mid-1980s, the long-run Taylor principle holds over the entire postwar period, implying equilibrium determinacy and no role for sunspot shocks in explaining the changes in volatility.
While motivated by the existing literature, my analysis is distinguished from the conventional New Keynesian model studies in several ways.
First, I endogenously make inference about regime changes and the inferences take into account agents' probabilistic assessments of regimes. In particular, the response to inflation and output gap in monetary policy, the growth rate and the variance of technology shock, and the nominal rigidity parameter could be dependent on regimes of the economy. I also consider both monetary policy change and stochastic volatility together, but changes are treated as independent, allowing me to isolate the effects of the "Good Luck" and monetary policy on the volatility decline after the early 1980s.
Second, the agents in the economy form expectations about key variables in the next period by considering possible regime changes in each period. In particular, transition probabilities are incorporated in model equations directly. This specification is different from the conventional regime switching analysis such as Hamilton (1989) and Kim and Nelson (1999b) in which the data generating process depends only on the true underlying regimes, rather than probabilistic assessments of regimes, implying that agents know current and past regimes and believe that the current regime will last forever. Meanwhile, the possibility of a transition to other regimes can affect the equilibrium under a given regime and the dynamics in the economy. Davig and Leeper's (2007) long-run Taylor principle expands the set of determinate rational expectation equilibria. In this paper, I adopt their idea but extend it to gen-eral regime switching models (e.g., technology, nominal rigidities as well as monetary policy).
Third, building on the literature on Bayesian estimation of DSGE models, I develop a method for estimating models with forward-looking regime switching along the lines of the form proposed in Davig and Leeper (2007) . They present the longrun Taylor principle theoretically, but they do not examine it in an empirical setting.
In order to link observed data to unobservable regime-dependent state variables in multiple regime equations, I integrate the regime-dependent state variables 3 in each period over the probability of each regime. The probability of the regime is calculated and updated recursively based on Bayes' rule every period. Fourth, I "endogenously" estimate the timing of regime changes in a determinacyindeterminacy DSGE model that is motivated by Lubik and Schorfheide (2004) . This model specification is different from regime switching models discussed above in the sense that the agents in this economy regard the current regime as a permanent regime and do not allow for the possibility of regime changes in the future. However, the parameters for the model are unrestricted, so as to allow for the possibility of indeterminacy. Comparing this determinacy-indeterminacy regime change model with the long-run Taylor principle-type model allows me to determine whether the higher volatilities of economic variables were induced by (i) sunspot shocks when the economy is under indeterminacy or (ii) a passive monetary policy with the long-run Taylor principle holding.
The rest of this paper proceeds as follows. Section 2 introduces forward-looking rational expectations model with regime switching and compare it to conventional regime switching model by using a simple univariate model. Section 3 describes a standard New Keynesian DSGE model without regime switching. Section 4 introduces forward-looking rational expectations models with recurring regime changes in the context of DSGE models and shows how to construct a state-space form for these models. Section 5 discusses the endogenous identification of determinacy and indeterminacy in the setting of regime switching analysis. Section 6 explains how to make inferences about model parameters and the probability of regimes in a Bayesian econometrics framework and summarizes empirical results. Section 7 concludes.
Illustrative Examples of Forward-Looking Regime

Switching Rational Expectations Models
In this section, I explain how to solve regime switching rational expectations (RSRE) models in which agents in the economy take into account the possibility of regime changes in "deep" parameters. I start with a single equation model with an economic variable. This rational expectations model is a simplification of multivariate dynamic stochastic general equilibrium (DSGE) models but this specification is rich enough to understand the nature of equilibrium. I introduce no regime switching model as a benchmark model at first and consider and compare conventional regime switching and forward-looking regime switching models.
A constant parameter model
A constant parameter model has an economic variable in a purely forward-looking setting as follows.
where x t is an endogenous variable, ǫ t is a random exogenous shock with i.i.d. N(0, σ 2 ǫ ), and η t is a forecasting error. Before I estimate this model, I need to solve the rational expectations model so that I express the model as a reduced form. In this paper, I use the approach suggested by Sims (2002) and use his notation to describe the rational expectations model. I can rewrite equations (1) and (2) as a matrix form
A solution to equation (3) is a bounded stochastic process ξ t . Sims (2002) develops a solution algorithm and provides conditions on the matrices Γ 0 , Γ 1 , Ψ, and Π under which there exists a unique solution (determinacy), multiple solutions (indeterminacy), and no solution (explosive process). The nature of equilibrium depends on generalized eigenvalues of matrices (Γ 0 , Γ 1 ). 4 I assume that agents in the economy know the model structure of dynamics 5 as well as the model parameters (a, σ 2 e ). They can also observe, at time t, history of economic variables {x t , x t−1 , x t−2 , ...}.
Purely forward-looking regime switching model
The forward looking regime switching rational expectation (RSRE) model, the focus of this paper, can be distinguished from a conventional regime switching model in the following way. In the forward looking RSRE model, agents take into account the possibility of regime switching in the near future, while in the conventional RSRE model, agents believe that the current regime will last forever. This difference makes the dynamics and equilibrium conditions different given the same model parameters for both models.
To make this model specification simple but still to see the difference between two frameworks, I consider two regimes in the models. However, it is straightforward to extend into more than two regimes and all the properties of dynamics and equilibrium conditions can be appropriately adjusted. In a conventional regime switching model, the model parameter a in equation (1) can be equal to a 1 under the first regime or a 2 under the second regime. Then, given the current regime s t = i, equation (1) is changed to
and as a matrix form
Thus, the regime at the previous date t − 1 does not directly affect dynamics at the current date t and only a i 's govern the dynamics.
However, in a forward looking RSRE model, if agents know that the current regime can be different from the future regime, this expectation should be reflected when agents make decisions about their behaviors on the current date. For example, even though the current monetary policy is conducted under the passive regime, if agents expect that the passive policy regime will be changed to the active regime in the near future, the effect of the passive policy under the consideration of possibility of switching to the active policy in the near future on the economy could be different from that of a purely passive policy without the possibility of switching to the active regime. This effect of forward looking expectations is described in Figure 1 (a).
Agents believe that the probability that the current regime s t = i switches to the regime s t+1 = j on the next date is p ij . The transition probability matrix for regimes
Thus, given the current regime i, the summation of the probabilities of all the possible regimes on the next date should be equal to one ( 2 j=1 p ij = 1 ∀i.). x 2t
Forward-looking Regime Switching Model with lagged variables I assume that agents also know the transition probability p ij but do not know the probability of the current regime. The agents utilize Bayes' rule to make inference about the probability of the current regime (P[s t = i|I t ]) given currently available information such as new observation (x it ), the probability of each regime at time t − 1 (P[s t−1 = i|I t−1 ]), the transition probability (p ij ), and the model structure (likelihood function). Agents in the economy consider current regime and regime changes in the future when they form the expectations of variables as follows.
where E t [x t+1 |s t = i] is the expectation of a variable of time t + 1 at time t given regime s t = i, x it is the value of variable x at time t given regime s t = i. I rewrite this purely forward-looking regime switching model as a matrix form as follows.
In this expanded form, the system matrices Γ 0 , Γ 1 , and Ψ accommodate directly transition probabilities (p ij , for i, j = 1, 2) as well as model parameters. All the model matrices (Γ 0 , Γ 1 , Ψ, Π) are independent of regimes and dates. It depends on the values of p ij where i, j = 1, 2 as well as α i where i = 1, 2 whether the economy is under determinacy or indeterminacy. For example, even though α 2 is less than 1, some appropriate values of α 1 , p 11 , and p 22 can induce determinacy such as a big value of α 1 ≫ 1 or a highly persistent p 11 close to but less than 1.
Although the regime switching assumption is embedded in the transition equation system, the form of this system is the same as the usual rational expectations form except that the number of equations is the multiplication of the number of regimes and the number of equations in a one regime model. Thus, this rational expectations model can be solved in the same way as the conventional no-regime switching model.
This property is different from the conventional regime switching analysis as in equation (4), Hamilton (1989) , and Kim and Nelson (1999b) . The conventional regime switching models have only regime-dependent parameters and do not include regime change probabilities explicitly in the model dynamics. Thus, the conventional approach implicitly solves the rational expectations model independently for each fixed regime and implies that the agents in the economy believe that the current regime will last forever and do not think about the possibility of future regime changes.
Forward-looking Regime-switching model with lagged variable
Similar to the previous case, I adopt the known transition probability assumption for a rational expectations model with lagged variables. The agents also believe that the current regime i at time t comes from the past regime k at time t − 1 with the transition probability p ki . Notice that, given the regime k at time t − 1 and the regime i at time t, p ki should be the same over the entire periods. If agents' belief about the transition probability from the past to the present is time-varying and updated recursively, there is no reason for agents to believe that the transition probability from the present regime to the one period ahead regime is constant as in this paper and literature (e.g. Davig and Leeper (2007) and Farmer, Waggoner, and Zha (2008) ). However, if I allow for recursively updated beliefs about the transition probability, making inferences about this model is computationally infeasible since agents need to update information about transition probability and current regime probability every period. This simple assumption that the transition probability is constant over time enables the expanded state-space form to be a constant parameter model and makes it feasible to determine whether the dynamics of the economy is under determinacy or indeterminacy since the determinacy conditions need to be checked just once rather than every period. In addition, the first order Markov property keeps the number of regimes in history as two rather than 2 T when the sample size is T and the number of regimes at each period is two.
As an extension of equation (1), I introduce a constant parameter model with a lagged variable as follows.
When considering regime changes in all the parameters, given a regime i the equation (7) changes to
Then, the algorithm to solve the purely forward-looking RSRE models can be applied to models with lagged variables.
Farmer, Waggoner, and Zha (2008) suggest a method to solve regime-switching models which are linear in variables. I propose a new method to solve more general regime switching models in the sense that regime switching rational expectations models are non-linear in both variables and parameters. The difference is that economic state variables in Farmer, Waggoner, and Zha (2008) are not regime-dependent and they turn on and off channels depending on current and previous regimes.
A Standard New Keynesian DSGE model
In this paper, I use a standard New Keynesian dynamic stochastic general equilibrium (DSGE) model, which involves three main equations (an IS relationship, a Phillips curve, and a monetary policy rule), two exogenous shock processes (a technology shock and a preference shock), and a log-linear approximation. These equations are derived in Woodford (2003) and An and Schorfheide (2007) as follows.
Letx t = ln(x t /x) denote the percentage deviation of a variable x t from their steadystate x where x t = X t /A t is a detrended variable and A t is aggregate productivity at time t. The aggregate productivity A t follows a stochastic process with the gross growth rate γ and the exogenous shock z t :
where z t evolves according to univariate AR(1) process in (13). 6 Equation (10) is the intertemporal Euler equation and is derived from the households' optimization problem where τ −1 denotes the intertemporal substitution elasticity. Since the model does not include the capital accumulation channel, consumption is proportional to output and perturbed by the exogenous shock g t which follows the AR(1) process in (14).
The shock g t is interpreted broadly as a preference shock as well as a governmental expenditure shock. The expectational Phillips curve in equation (11) is produced from a continuum of monopolistically competitive firms' profit maximization problem where κ is a measure of nominal price stickiness due to quadratic adjustment costs and β is the households' discount factor. The central bank follows a Taylor-type rule by adjusting the nominal interest rate in response to deviations of inflation and output from their steady-state levels. The shock ǫ Rt is the unexpected deviation from the policy rule. In addition, the central bank is assumed to smooth the policy interest rate.
Let η π t and η x t denote the expectational errors for the inflation deviation and output gap at time t given the information time t − 1 respectively.
Moreover, the one period ahead expectation of exogenous shock depends on the current value of the shock and its persistence:
Substituting (15) and (16) into (10), the IS equation can be expressed in terms of the current period variables. The rational expectations model system includes all the equations and exogenous shock processes which consist of endogenous variables, expectational errors, and exogenous shocks. Thus, the system can be rewritten as a matrix form as follows.
The matrices Γ 0 , Γ 1 , Ψ, and Π contain the appropriate model parameters. Then, I can easily solve this rational expectations model by using Sims's gensys code and get a reduced form as follows.
The measurement equations allow for linking observables (the growth rate of per capita output: ∆y t , the annualized inflation rate: π t , and the nominal interest rate:
R t ) to unobservable state variables in the transition equation system.
Note that the lagged variablex t−1 , which is not initially included in the vector of state variables, is augmented in the vector in order to detrend output.
New Keynesian DSGE models with Regime Switching
In the previous section, I briefly outlined the standard log-linearized equations for New Keynesian DSGE models. However, this analysis is distinguished from conventional New Keynesian studies. I take account of recurring regime changes in monetary policy, technology, and nominal price rigidities. Agents in the economy consider the possibility of the regime changes and know deep parameters but do not know the current regime. Thus, the agents make inference about the current regime in a probabilistic manner by updating their information recursively. The possibility of a transition to the other regimes can alter the stability conditions and the dynamics in this economy. Davig and Leeper (2007) pointed out this possibility for monetary policy regimes corresponding to active and passive policy, and introduced a generalized long-run Taylor principle which expands the set of determinate rational expectation equilibrium. In this paper, I adopt their idea but extend it to general regime switching models (e.g., technology, nominal rigidities as well as monetary policy). Throughout this paper, two regimes are taken into account but it is straightforward to develop models with more regimes. Davig and Leeper (2007) argue that the passive monetary policy might have induced the higher volatility before 1980s, even with the long-run Taylor principle holding.
Regime switching in policy
The idea is that the passive policy for some periods can still generate the determinacy equilibrium if the passive policy is conducted only for short periods of time or the degree of the passive policy is close to the boundary between the active and passive policies. Based on this idea, I endogenously make inference about regime changes from the viewpoint of agents who learn about regimes of the economy. In addition, I allow for regime changes in the smoothing parameter (ρ R ) and the inflation target (π A ) as well as the reaction coefficients to inflation deviation from the inflation target (ψ 1 ) and output gap (ψ 2 ). Under a regime i, the monetary policy rule is given bŷ
and the inflation target is estimated in the measurement equation system as the mean of the annualized inflation rate. 7 The mean of inflation is also regime-dependent. I assume that the central bank performs an active monetary policy with low inflation target and a passive monetary policy with high inflation target.
Regime switching in technology
Stochastic volatility and the so-called "Great Moderation" have featured prominently in the business cycle literature. This Markov-switching structure on volatility can capture these volatility changes in a parsimonious and tractable way and represent "Good Luck" story for the volatility reduction. I explicitly specify this feature by introducing regime changes in technology.
Meanwhile, Hamilton (1989) and Kim and Nelson (1999a) show that a simple
Markov-switching regime model can capture business cycle properties by matching estimated probabilities of a recession regime to NBER recession dates. Thus, the growth rate of technology shocks is associated with changes between boom and recession in the present regime switching model. Then, given a regime i, the regime switching technology is directly related to the growth rate of output.
Regime switching in nominal rigidities
I also consider the possibility of time-varying price stickiness. The idea is that firms have the incentive to reset prices more frequently when the economy faces bigger shocks. Thus, the nominal rigidity parameter κ, which has a negative relationship shows that the inflation target was higher from the mid 1970s to the mid 1980s than other periods.
with price stickiness, may increase in the variance of exogenous productivity shock:
The technology shock process for the changes in the volatility is the same as equation (20) (18) and (22) respectively. In addition, the IS equation consists of regime-dependent variables as follows.
In equation (23), the expectations of the exogenous shocks are calculated by considering the possibility of regime change from regime i to regime j = 1, 2 as
Then, the transition equations are collected in a multivariate equations form. For the case of two regimes, I need to consider two sets of state variables for the transition equations in the state-space form.
After solving the rational expectations model, the transition equations system can be rewritten as 
Measurement equations
In order to construct a likelihood function, I utilize the Kalman filter given a statespace form of measurement and transition equations. The measurement equations link observables to unobservable state variables in the transition equation system.
However, in forward-looking regime switching models, the measurement equations also contain the probability information of each regime. The measurement equations are constructed by multiplying the probability of each regime up to time t − 1 information by the measurement equations of each regime so that regime dependent variables are integrated over the probabilities of each regime.
In equation (24), the probability of the current regime up to time t − 1 information is calculated by multiplying Markov transition probability by probabilities of regimes at time t up to time t − 1 information.
The probability of regime s t = j at time t is updated recursively based on Bayes' rule with data y t = [y 1 , · · · , y t ] ′ .
4.5 Independent regime changes in technology and monetary policy I also consider monetary policy changes and stochastic volatility together. The two are treated as independent, allowing us to isolate the effects of "Good Luck" and monetary policy on volatility reduction after the early 1980s. Thus, this specification examines whether it was monetary policy or so-called "Good Luck" that played the key role in the "Great Moderation." For this specification, I introduce two independent regime switching transitions. For example, monetary policy follows the first Markov-switching system and stochastic volatility follows the second Markovswitching system. I will take this approach in the next section in order to verify the source of volatility reduction in the latter portion of the sample period. Let P 1 and P 2 denote two transition matrices respectively and assume that each regime switching system consists of two regimes. Then, the number of all the possible regimes from two independent structures is four (= 2 × 2). 
where ⊗ denotes the Kronecker product. Then, as in (25)
Updating the probability of the current regime by observing data at time t is given by
.
where the subscript −i in s −it indicates any regime −i = i 5 Endogenous Identification of Determinacy and
Indeterminacy Equilibria
Following the idea of Clarida, Gali, and Gertler (2000) , Lubik and Schorfheide (2004) show, using a DSGE model, that a change in monetary policy can explain higher volatility in pre-Volcker years. They argue that the passive monetary policy led to indeterminacy, implying that sunspot shocks played a role in generating the higher volatility. They split postwar U.S. data into two subsamples "exogenously" based on the appointment of Paul Volcker as Chairman of the Board of Governors of the Fed- Hamilton (1989) and Hamilton (1994) , and about Kim's filter see Kim (1994) and Kim and Nelson (1999b) . I estimate and compare various regime switching models with a likelihood-based approach. by adopting the Metropolis-Hastings (MH) algorithm with randomized multiple blocks. Chib and Greenberg (1995) suggest the use of fat-tailed proposal to ensure that proposed values visit the tails of the posterior distributions and I use three blocks of parameters and Student-t distributed errors with the degrees of freedom of 15. In particular, Chib and Ramamurthy (2008) develop an approach that randomly generates blocks and finds a proposal density for each block by adapting the location and curvature and holding other blocks fixed at every iteration. Although the random-walk MH proposal with a single block, most of likelihood-based DSGE estimations have used, is faster and convenient to calculate marginal likelihoods, the recent literature advocates the use of the randomized multiple blocks in DSGE models due to following reasons. An and Schorfheide (2007) show that the single block random-walk proposal often gets stuck at a local posterior mode. In such a case, the performance and reliability of the MH algorithm are sensitive to the starting point, making it important to find the global posterior mode accurately. In addition, Sims, Waggoner, and Zha (2008) point out that it takes multiple weeks of CPU time to find the posterior mode especially in large Markov-switching models and propose the use of a blockwise optimization method. Chib and Ramamurthy's (2008) idea is similar to the blockwise optimization but it is more reliable in the sense that this algorithm reoptimizes over iterations and the simulation does not hinge on the starting point which is possibly a local mode. In particular, having adopted multiple blocks, it is not known which parameters should be in the same block. In New Keynesian DSGE models, all the parameters are highly-nonlinearly related by model equations and their equilibrium conditions. Thus, the randomized block scheme is an alternative approach. Figure 2 and reported in Table 6 . Note that in Lubik and Schorfheide (2004) the passive regime was driven by indeterminacy in the pre-Volcker years. However, this regime switching analysis shows that even the passive monetary policy induced a determinacy equilibrium in the long run due to the possibility of the switching to active policy, although the passive policy could be a source of high volatility. 8 In this scenario, the postwar U.S. economy experienced two regime switching points around early 1970s from active to passive policy and around mid-1980s from passive to active policy as shown in Figure 3 . In addition, the target inflation was high with 7.02 comparing to 1.72 under the active regime. It also reflects the "Great Inflation" of the 1970s. Although the transition matrix for the regime switching is not restricted to generate persistent regimes a priori, agents' belief about regimes clearly looks like two structural breaks. In addition, the second regime switching point is consistent with the estimate of a structural break in the form of a volatility reduction in Kim and Nelson (1999a) and McConnell and Perez-Quiros (2000) . As for other parameters that are subject to regime switching, the reaction to the output gap is more aggressive in the active policy regime (0.84 vs 0.20) and the Davig and Leeper (2007) . In an application to postwar U.S.
data, I find stronger support for regime switching in monetary policy than in technology or nominal rigidities. Under the active policy regime, the policy reaction to deviations from the targets of inflation and output was more aggressive and the nominal interest rate adjustment is smoother. I also estimate a determinacy-indeterminacy DSGE model and compare this specification to the Davig and Leeper-type monetary policy DSGE model. A marginal likelihood based model selection procedure prefers the monetary policy regime switching model. This empirical finding implies that even though a passive policy regime produced more volatility in the economy from the early 1970s to the mid-1980s, the long-run Taylor principle appears to hold in the entire postwar period, implying equilibrium determinacy and there is no role for sunspot shocks in explaining the changes in volatility. 
